We have measured electromagnetic energy harvesting properties of all-thin-film magnetoelectric (ME) heterostructures on Si cantilevers. The devices are built on a silicon oxide/nitride/oxide stack, and the ME layers consist of a magnetostrictive Fe 0.7 Ga 0.3 thin film and a Pb(Zr 0.52 Ti 0.48 )O 3 piezoelectric thin film. The harvested peak power at 1 Oe is 0.7 mW/cm 3 (RMS) at the resonant frequency (3.8 kHz) with a load of 12.5 kX. The resonant frequency was found to display DC bias magnetic field dependence indicative of a magnetization canting with respect to the cantilever easy axis as a result of interplay between the anisotropy and Zeeman energies. V C 2011 American Institute of Physics. [doi:10.1063/1.3662037] Self-powered sensor nodes are used in a wide spectrum of wireless applications ranging from in vivo encapsulated implants to industrial process monitoring. [1] [2] [3] In such applications, there is an acute need for development of low-cost alternative power sources without traditional batteries, which are undesirable for long-term critical power needs, maintenance-free applications, and for microsystems. To this end, energy harvesting from the environment has been actively explored using different physical principles. In particular, energy transfer by electromagnetic waves has great potential and can be accessible by using solenoid/piezoelectric-based transducers. 4 The current surge of activities in multiferroic materials and structures has lead the way for development of a new generation of devices based upon magnetoelectric (ME) effects, where conversion of magnetic field (H) to electric field (E) takes place at the interface. [5] [6] [7] The ME composites based on bulk laminates have been demonstrated as power harvesters 1, 8, 9 operating at room temperature with high sensitivity. To date, reported wireless power receivers based on bulk ME devices consist of laminated layers of magnetostrictive/piezoelectric materials in cm-sized structures. However, such bulk ME laminate devices can be prone to shortcomings including (1) uneven and unreliable bonding between the magnetostrictive and the piezoelectric layer, which result in non-ideal coupling (and, in turn, low transduction efficiency), (2) high eddy current losses, and (3) low quality factor Q.
Self-powered sensor nodes are used in a wide spectrum of wireless applications ranging from in vivo encapsulated implants to industrial process monitoring. [1] [2] [3] In such applications, there is an acute need for development of low-cost alternative power sources without traditional batteries, which are undesirable for long-term critical power needs, maintenance-free applications, and for microsystems. To this end, energy harvesting from the environment has been actively explored using different physical principles. In particular, energy transfer by electromagnetic waves has great potential and can be accessible by using solenoid/piezoelectric-based transducers. 4 The current surge of activities in multiferroic materials and structures has lead the way for development of a new generation of devices based upon magnetoelectric (ME) effects, where conversion of magnetic field (H) to electric field (E) takes place at the interface. [5] [6] [7] The ME composites based on bulk laminates have been demonstrated as power harvesters 1, 8, 9 operating at room temperature with high sensitivity. To date, reported wireless power receivers based on bulk ME devices consist of laminated layers of magnetostrictive/piezoelectric materials in cm-sized structures. However, such bulk ME laminate devices can be prone to shortcomings including (1) uneven and unreliable bonding between the magnetostrictive and the piezoelectric layer, which result in non-ideal coupling (and, in turn, low transduction efficiency), (2) high eddy current losses, and (3) low quality factor Q.
As an alternative technology, we are developing highly efficient miniaturized energy harvesters using all-thin-film ME structures on Si-micromachined cantilevers. We have previously reported on such micro-electromechanical systems (MEMS)-based devices demonstrating flexible platforms for fabrication of magnetic field sensors. 5 Miniaturized cantilever devices have advantages in making array-like sensor networks and ease of integration with peripheral circuits.
Our A central issue in fabricating cantilever-based devices is the film-stress engineering of the heterostructure. 10, 11 We have developed a process of fabricating ($mm long) unbent cantilever beam structures using a 3.8-lm thick ONO stack with 6 layers of 75-nm low stress tensile-type silicon nitride separated by 100-nm silicon oxide layers. The neutral plane is at 2.9 lm with respect to the bottom of the heterostructure, outside the PZT layer. A four-mask photo-lithographic process is used to make the free-standing cantilevers 950-lm long and 200-lm wide shown in Fig The ME characteristics of the devices relevant to the energy harvesting properties were measured in a set-up consisting of two pairs of Helmholtz coils (for AC and DC coaligned magnetic fields). The device chip (6.6 mm Â 6.6 mm) containing six cantilever devices was mounted in a vacuum chamber placed between the coils, and it was aligned parallel to the magnetic fields. The ME devices were initially poled at 5 V for 5 min. In dynamic measurements, the energy harvesting ME device was connected to a Stanford SR 830 DSP lock-in amplifier for induced voltage measurements while an AC magnetic field was applied, and both the AC field frequency and the DC magnetic field were swept. Different loads R load were attached for energy harvesting measurements. All experiments were carried out at room temperature and vacuum of 3.5 Â 10 À4 mbar. The mechanical resonant frequency of the fabricated cantilevers of length L can be best calculated using a bilayer model 12 that involves reducing all non-piezoelectric layers from the heterostructure to one equivalent electromechanically passive layer (called reduced layer) and an unreduced piezoelectric layer. The expression of the resonant frequency of the first bending mode based on this model is
where k 1 ¼ 1.87 is the eigenvalue of the first bending mode, t PZT and q PZT are the thickness and the density of the PZT layer, t red ¼ P N i¼1 t i is the total thickness of all films except the PZT layer, q red ¼ 1 t red P N i¼1 q i and E red ¼ 1 t red P N t¼1 E i are the density and the effective Young's modulus of the reduced layer, respectively, and A ¼ E red =E PZT . An estimate of the resonant frequency based on the formula (1) gives us a value of 3.5 kHz. This is in good agreement with the measured values for over a set of 10 devices (3.75 kHz 6 5.5%). Fig. 2 shows the results of energy harvesting measurements from a single all-thin-film multiferroic device. The device was biased with a 66.1 Oe DC magnetic field. This value was chosen in the region with highest ME voltage signals discussed below, and the AC field was applied at the resonant frequency of f R ¼ 3833.1 Hz. The multiferroic device is in the g 31 mode of operation. The AC magnetic field was maintained at 1 Oe RMS. The voltage output from the harvesting devices saturates as a function of the external load (Fig. 2) . The power output (P ¼ V 2 RMS =R load ) has a peak that occurs for a load impedance of 12.5 k X. This experimental peak impedance value is consistent with the fact that impedance matching occurs at the optimal value of R load ¼ 1=ð2pf R0 C 0 Þ, where C 0 is the effective capacitance of the device (measured to be C 0 ¼ 3:2 Â 10 À9 F). To determine the power density of the multiferroic harvester, an effective volume (950 lm Â200 lm Â 0:5 lm) taking into account the freestanding length of the cantilever and the thickness of the poled (PZT) piezoelectric film was used. The measured peak power density is 0.7 mW/cm 3 (RMS). This value is similar to other reported harvested power densities of bulk laminate devices at 1 Oe (RMS). 1, 9 Fig . 3 shows the AC magnetic field dependence of the harvested voltage and power for a 12.5 kX load and a DC bias of 66.1 Oe. The saturation plateau in both power and voltage with respect to increasing AC magnetic field is due to the saturation of the internal stress of magnetic origin that involves the rotation of magnetization vector.
We have found that the resonant frequency of the present ME devices exhibit strong dependency on the magnitude and the sweeping direction of the DC bias field (H) (Figs.  4(a) and 4(b) ). This indicates that the resonant frequency of the first-order flexural mode of the devices is determined not only by the mechanical properties of the devices, but also by the magnetic properties. The discontinuity in the DC field dependence of the resonant frequency occurs at 77 Oe (Fig.  4(c) ). This value agrees with the coercive field of the 500-nm thick Fe 0.7 Ga 0.3 films measured by vibrating sample magnetometry (VSM). A similar behavior was previously observed both in nano-electromechanical systems (NEMS) based devices 13 and in larger clamped beams. 8, 14 From Fig.  4(b) , one sees that the highest ME coefficient of this device (2011) is 33:6V=ðcm Á OeÞ, and it is when the DC bias field is 66.1 Oe which "sets" f R ¼ 3833.1 Hz. Also, the Q-factor of the device is %2000 and has a pronounced dependence on the DC bias magnetic field. An interesting consequence of the field dependent f R is that as seen in Figs. 4(a) and 4(b) ), the device can be operated at zero DC magnetic bias field with a relatively high ME coefficient as long as the AC field frequency is at the f R (H ¼ 0). In fact the ME coefficient at zero bias field is only about 20% less than that when the bias field is close to the coercive field of the Fe 0.7 Ga 0.3 film.
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Removing the necessity to apply DC bias significantly simplifies the operation setup of these devices for both magnetic field sensing and energy harvesting schemes.
To explain the bias field dependence of the resonant frequency of our devices, we adopt a model previously used to describe the behavior of magnetic cantilevers in Ref. 15 . It is based on the competition of both magnetic anisotropy energy (K u Vsin 2 h) and Zeeman energy (HM s Vcosðb À hÞ) of the Fe 0.7 Ga 0.3 film to the canting of the resultant magnetization of the film with respect to its easy axis (where K u is the anisotropy, V is the volume of the Fe 0.7 Ga 0.3 film, H is the applied DC field, M s is the saturation magnetization, b is the cantilever angle with respect to the field direction, and h is the angle of the magnetization canting due to the external DC field). Both the total film energy with respect to h and the generation formalism of a restoring torque by the resultant film magnetization vector are minimized within small angle approximation. It is shown that the occurrence of torque stiffens the cantilever spring constant. The overall effect can be expressed as
where f R is the shifted resonant frequency due to the presence of an external DC magnetic field with respect to the natural resonance f R0 . We take the effective cantilever length (L/ L e ¼ 1.38) for the first flexural mode 15 
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